The purpose of this study is to assess the relative stability of the systolic and diastolic blood pressure (BP) measures obtained in a state-wide screening programme. A state-wide hypertension survey was conducted in California in 1983 in which a total of 6381 adults were interviewed in their homes. Three BP measurements were taken, with a 5-min interval between each measure. The BP screening protocol used by The Joint National Committee on Detection, Evaluation and Treatment of High Blood Pressure recommended a total of three measures, in which the second and the third measures are averaged. Results of the household survey indicated significant differences between the three subsequent BP measurements (P Ͻ 0.001), with much smaller differences between the second and third measure. This result
Introduction
The variability of blood pressure (BP) within an individual is a widely recognised phenomenon that has been examined repeatedly for many decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, the stability of BP is still a critical issue not only for clinical treatment of hypertension but also for hypertension screening programme in communities in which individuals are referred for verification and confirmation of elevated BP.
To reduce the influence of the fluctuation of BP on the assessment of an elevated pressure, repeated measurements of BP, which frequently consists of three consecutive readings, are a common procedure in determining the BP of a subject. The BP measuring protocol 10 used in the 1980s recommended a total of three measures, with the average of the second and third readings being used to assess BP status. This protocol could improve the quality of measurement by averaging out the fluctuation of BP over a short time period. However, multiple readings could increase the possibility of measurement implies that BP of an individual is approaching stability after the second measure and, consequently, two subsequent BP measurements may be sufficient to identify subjects with elevated BP. We compare the three-measure screening protocol with a two-measure screening protocol in which only the first two BP readings are taken and the second reading is used to indicate BP levels of subjects. The percentage of agreement between the threemeasure and the two-measure screening protocols is 97.57%. Using the three-measure screening protocol as a standard, the sensitivity and false-negative rate are 98.73% and 0.43%, respectively. The two-measurement screening protocol is recommended as an equally sensitive and a more efficient procedure for a large-scale community-screening programme.
errors due to variation in measurement instrument or observers' errors. Furthermore, extra measures increase the duration of the measurement process and, consequently, the unit cost for determining the BP of a subject. This increase could become significant in a large-scale, community-screening programme involving BP measurements of thousands of individuals. How to obtain a balance between the quality and cost of BP measurement is an important concern for public health professionals.
This study uses the 1983 California Hypertension Survey Data 11 to assess the relative stability of systolic and diastolic BP over a short time period, based on three BP measures which were taken at 5-min intervals. Furthermore, we evaluate the feasibility in using the first two consecutive measures instead of three measures to screen participants with elevated BP.
Materials and methods

Sampling design
In 1983, a state-wide hypertension survey was conducted in California to measure the prevalence of elevated BP and hypertension among residents and 638 to obtain additional information about the participants' health-related behaviours.
A three-stage probability sample was drawn to represent the target population of all persons 18 years of age or older residing in ordinary housing units in California during the period of survey. 12 Using the 1980 census figures, primary sampling areas were divided into 100 strata. Two primary sampling units were selected from each stratum. Four blocks were selected from each primary sampling unit. Approximately six housing units were selected from each block.
In each selected housing unit, one adult was selected at random and asked to complete the full version of the 30-min questionnaire, including measurements of BP, by the interviewer. All other adults in the unit were interviewed with a short version of the questionnaire, also including measurements of BP. Both questionnaires contained basic questions addressing knowledge, awareness, treatment and control of hypertension. The full questionnaire included many additional items regarding health history and health practices. A total of 6381 adults completed the short version of questionnaire. Of these participants, 3346 adults completed the full version of the questionnaire as well. In this study we used the BP readings of 6381 participants to evaluate the stability of BP.
Measurement of blood pressure
Blood pressure measures were taken approximately 15 min into the questionnaire survey. Participants were asked if they had ever been told by a physician that they had a high BP. Blood pressure was then measured using a standardised, calibrated mercury sphygmomanometer, taking the reading on the right arm with the person seated. Two additional measures were taken at 5 min intervals. During the interval, participants were asked additional questions regarding their knowledge, awareness and practices related to high BP. A total of three measures were recorded for each participant. The average of the second and third measures is used to establish the mean systolic and diastolic BP and to identify the individuals with an elevated BP.
Classification of elevated blood pressure
Because of the fluctuation of BP, absolutely satisfactory criteria for classification of elevated BP are impossible. Nevertheless, a reasonable and acceptable criterion is still necessary for measuring the prevalence of elevated BP pressure and investigating the fluctuation of BP. In this study, the classification criteria of hypertension recommended from The American Heart Association 13 and The Joint National Committee on Detection, Evaluation and Treatment of High Blood Pressure 10, 14, 15 are used to identify the individuals with an elevated BP. An individual will be classified as having an elevated BP if his/her systolic BP (SBP) is greater than or equal to 140 mm Hg or his/her diastolic BP (DBP) is greater than or equal to 90 mm Hg or the individual is currently taking antihypertensive medicine. On the other hand, the individual is normotensive if his/her systolic and diastolic BP is less than 140 mm Hg and 90 mm Hg, respectively.
Analytical methods
Our analyses sought to describe the fluctuation of BP over a short time period and evaluate the feasibility in using the first two BP measures instead of three measures to assess the BP status of participants.
Descriptive analysis: The differences of systolic and diastolic BP among three measures are used to evaluate the variation of BP. The SP12 and SP23 indicate the differences of SBP, (reading 1 − reading 2) and (reading 2 − reading 3), respectively. The DP12 and DP23 indicate the differences of DBP, (reading 1 − reading 2) and (reading 2 − reading 3), respectively.
Univariate statistics, including mean and standard deviation of SP12, SP23, DP12 and DP23, are used to describe the variation of BP among the three readings. Furthermore, the fluctuation of BP within each demographic subgroup is discussed.
Agreement analysis:
The three-BP-measuring protocol recommends a total of three measures, with the average of the second and third readings being used to assess BP status of participants. This protocol is called protocol A. In this study, we propose an alternative protocol that only records two consecutive BP measures and uses the second measure to indicate the BP status of participants. The first reading is discarded due to its instability. This setting is designed not only to reduce the number of measurements but also to avoid the influence of the fluctuation of BP. This alternative protocol is called protocol B.
To evaluate the performance of protocol B, we compare the agreement of screening results from protocol B with those from protocol A. We assume protocol A can assess the 'true' BP status. The BP reading from protocol A precisely indicates participant's BP level. Thereafter, we compare the agreement of screening results between the two protocols. The percentages of agreement of all subjects, including sensitivity, 16 specificity, 16 false positive 16 and false negative 16 and Kappa statistic 16 are calculated to evaluate the consistency of the two protocols. A high sensitivity but a low false negative are particularly useful for our assessment since the primary goal of a screening programme is to identify the higher-risk subjects with undetected elevated BP levels from the community and refer them to verification, screening and confirmation. And if diagnosed with high BP, provide them with early treatment or lifestyle interventions.
Results
Demographic characteristics and the prevalence of hypertension
A total of 6381 adults, which comprise 2993 males (46.9%) and 3388 females (53.1%), are included into this study. Ages of participants range from 18 to 96 years, with an average age of 42 years. About 32% of the participants are over the age of 50 years. The major ethnic subgroup are White subjects (65.5%). The demographic characteristics of the participants and the prevalence of elevated BP by each demographic characteristic are summarised in Table 1 . Of the 6381 participants, 1570 adults were found to have elevated BP. The prevalence increases with ages of participants. Males are more likely to have elevated BP than females. Elevated BP is also more common among Black subjects than that among the other ethnic subgroups.
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The differences among three blood pressure readings
The means (standard deviations) of SP12, SP23, DP12 and DP23 given 6381 participants are shown in Table 2 . The means are all significantly unequal to zero by paired t-test (P Ͻ 0.001). This implies that the variation of BP really exists among the three readings. We note that the variations between the three BP readings are inclined to decrease and the standard deviations of SP12 and SP23 are greater than those of DP12 and DP23. The BP is less stable between the first two BP readings and the fluctuation in SBP is greater than that in DBP.
We also investigate the absolute values of SP12, SP23, DP12 and DP23, which indicate the magnitude of changes between three readings. For 84.6% of participants, the absolute value of SP23 is 5 mm Hg or less; however, only 77.7% of participants show an absolute value of SP12 of 5 mm Hg or less. Similarly, the percentages of participants with the absolute values of DP12 and DP23 being 5 mm Hg or less are 81.7% and 87.2%, respectively. The magnitude of the fluctuation of the BP over a short time is 5 mm Hg or less for most participants.
Furthermore, we compare the means and standard deviations of SP12, SP23, DP12 and DP23 by elevated BP status and demographic factors. Table 2 shows that the standard deviations of SP12, SP23, DP12 and DP23 are very different by elevated BP status and demographic factors. The standard deviations among subjects without an elevated BP are less than those among subjects with an elevated BP. The BP of a subject with an elevated BP is less stable over a short time period. Furthermore, the standard deviations are also much higher among males and Black subjects. From Table 2 , we note that the fluctuation of SBP is quite different between age groups since the standard deviations of SP12 and SP23 are much higher among individuals 50 years old or older. As age increases, the stability of the SBP decreases. In summary, elevated BP status is a major indicator on the variability of BP. The variability of BP is also altered given different demographic factors. Blood pressure is usually less stable among the demographic subgroups with higher prevalence of elevated BP. For evaluating the interaction effect of elevated BP status and demographic factors, these factors were simultaneously analysed in the analysis of variance model (ANOVA). Table 2 indicates that elevated BP status and ethnicity have the most significant effects on the change of systolic and diastolic BP. Table 3 shows the agreement of screening results using protocols A and B. By protocol A, 1570 participants are identified as having elevated BP. The prevalence is 24.6%. By protocol B, 1684 participants are identified as having elevated BP, with prevalence being 26.39%. The prevalence from protocol B could be overestimated by 1.79%, if the BP by protocol A represents the 'true' status.
Screening of subjects with elevated blood pressure using protocol A and protocol B
Of the 6381 participants, the percentage of agreement on screening subjects with elevated BP is 97.59% and Kappa statistic is 0.9361. Only 154 (2.41%) participants have inconsistent results by the two protocols. This implies that protocol B is nearly as effective as protocol A in screening subjects with elevated BP. Using the results from protocol A as a standard reference, the sensitivity and the false negative are 98.73% and 0.43%, respectively. Using protocol B, 1.37% of subjects who actually have an elevated BP may be incorrectly identified as not having an elevated BP and 0.43% of subjects would have been incorrectly identified as not having an elevated BP. Protocol B is quite effective in determining the 'true' subjects with elevated BP due to its relatively high level of sensitivity and low false negative rate.
Of *In ANOVA analysis, elevated BP status has statistically significant effect on SP12 (P Ͻ 0.05). **In ANOVA analysis, ethnicity has statistically significant effect on SP23 (P Ͻ 0.05). ***In ANOVA analysis, elevated BP status and ethnicity have statistically significant effects on DP12 (P Ͻ 0.05). ****In ANOVA analysis, ethnicity has statistically significant effect on DP23 (P Ͻ 0.05). elevated. This implication is particularly important for a large-scale community screening programme because using protocol B can significantly reduce the aggregated cost.
Discussion
The result of this study has reconfirmed previous findings that BP varies not only from day-to-day but also throughout the day. 20 Though the fluctuation of the BP over a short time period exists, the magnitude of variation is only 2 mm Hg or less for most of the subjects in our analysis. This phenomenon is particularly manifest for the variation between readings two and three, in which approximately 70% of participants had a variation of 2 mm Hg or less. This implies that the BP of most of adults tends to be more stable after the second reading.
The phenomenon of a higher BP reading on the first measurement rather than that on the second or subsequent measurement, have been reported by many investigators. 6, 20 It has been suggested that this phenomenon is attributed to the temporary stress from the unfamiliar surroundings. Consequently, most BP measuring protocols recommend repeated measurements and discard the first reading. However, the decreasing variation among the repeated measurements could be due to the explanation of regression to the mean or the bias during repeated measures. Therefore, the efficacy of repeated measurements is still debated. 21, 22 To circumvent this dilemma, this study advocates the two-measure protocol to replace the single or triple measurement approach. This protocol intends to avoid the influence of the instability of the first BP reading and to minimise the possible biases that occurred during the process of repeated measurements. Our analysis shows that the two-measure protocol is effective to screen for subjects with elevated BP, given that the percentage of consistency between the two-measure and three-measure protocols is 97%. The implication of our findings is particularly important from a cost-effectiveness perspective. The American Heart Association has identified the several steps an individual must take to obtain an accurate measurement. 23 This includes preparation and rest period, proper cuff size determination and placement, maximum inflation level, stethoscope placement, inflation/deflation and measurement recording. The approximate time required for a third BP measurement is 7 min. Extrapolating this time to the 6381 participants who were given a third measure amounts to 744.45 hours (7 min × 6381 participants/60 min). Inclusion of other costs associated with screening (labour fee for health personnel and screened subjects), the direct cost for screening each subject could be reduced from 5.33 dollars to 3 dollars. If the indirect cost is considered as well, using protocol B will result in a savings of greater than 4 dollars. While the savings seem to be minimal for each subject, the aggregated savings for a large number of subjects will become significant. Not included in this cost analysis is the additional cost incurred due to misclassification of BP level. However, since the false-negative and false-positive rates are relatively low, the aggregate cost due to misclassification is minimal compared to the cost savings obtained from protocol B (Table 4 ). Data to conduct a detailed assessment of the actual cost is not available and further research is recommended in order to quantify these costs.
From our analysis, most of the inconsistencies between protocols A and B occur when participant's systolic or diastolic BP is around 135-145 mm Hg or 85-95 mm Hg. This suggests that protocol B is less effective in accurately classifying subjects with BP near the borderline of elevated BP. Though extra BP readings may improve the accuracy of screening, the same shortcoming could still exist in a protocol utilising three or more measurements. However, this problem generally will not become an obstacle in a community screening programme because the major purpose of a screening programme is to identify the high-risk undetected/unaware population, which includes healthy, asymptomatic individuals with elevated BP. Based on our analysis, protocol B is effective in screening and identifying all possible high-risk participants, although the protocol may slightly overestimate the prevalence of elevated BP.
Our two-measurement protocol (protocol B) is also supported by the revised protocol (protocol C) in The Sixth Report of The Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure, 1997. 15 Protocol C recommends the average of two or more readings separated by a 2-min interval. If the first two readings differ by more than 5 mm Hg, additional readings should be obtained. We re-examine all participants using protocol C and find that 6184 of 6381 participants (96.9%) have consistent screening results by protocols B and C. Protocol C slightly differs from protocol B due to the fact that protocol C requires additional measures when an individual has a difference of greater than 5 mm Hg between the first and second readings. Of the 2215 participants who were found to have a difference of more than 5 mm Hg between the first two readings, the inconsistency of the screening results by the two protocols is 4.47%. This implies that extra BP readings only slightly improve the accuracy of screening results. Even though the first two BP readings differ by more than 5 mm Hg, the two measures are still very effective in indicating BP levels for most individuals.
In conclusion, an individual's BP does tend to fluctuate over a short time period. However, the magnitude of variation is minor in most adults and the two-measure protocol is generally an effective screening procedure among adults. Consequently, the two-measure screening protocol is recommended as an equally sensitive and a more efficient procedure for a large-scale community screening programme.
